Abstract
Introduction The study focuses on sight distance restrictions on horizontal curves in highway design. Barriers along open highways and walls on tunnels may restrict the available sight distance in the design of horizontal curves. The study aims to finalize a desirable horizontal radius by examining the equilibrium requirement of the centrifugal force vs. horizontal sight distance constraints. Methods The study examines these restrictions for the conventional case when the stopping sight distance lies within the length of the horizontal curve (case 1) and when the stopping sight distance lies outside the length of the horizontal curve (case 2). Also included in this study is a sensitivity analysis when the stopping sight distance is longer than the length of horizontal curve (case 2), based on the ratio between them. Results For the conventional case (case 1) the minimum horizontal radius that is based on the equilibrium of centrifugal force, is too small for the requirements of stopping sight distance when there are obstructions along the road that intrude on the line of sight. Sensitivity analysis results for case 2 show that the gap between the available horizontal stopping sight distance (for the minimum horizontal radius) vs. the design (demanded) stopping sight distance values and between the minimum horizontal radius vs. the desirable radius can be totally resolved when the ratio between stopping sight distance and the length of horizontal curve equals to 4.5 (for
Introduction
A major purpose in highway geometric design is to ensure that the driver is able to see any possible road hazard in sufficient time to take action and avoid an accident. Stopping sight distance (SSD) is the most important of the sight-distance considerations since sufficient SSD is required at any point along the roadway. distance traveled during braking. This distance, assuming a level road surface, can be determined by the following formula: The formula assumes level terrain. Ascending grade decreases the SSD, and descending grade increases the SSD.
The green book [1, 2] recommends on 3.4 m/s 2 as a reasonable deceleration rate for obtaining the stopping sight distance and it no longer provides the tangent friction coefficient design values. Most vehicles are able to brake in this rate at least, under wet pavement conditions. The tangent friction coefficient in wet pavement surfaces and the modern vehicle braking capabilities typically enable larger equivalent friction coefficients than this deceleration rate.
Horizontal curve design: equilibrium concept
A proper design of highway horizontal curves should strive for the maximum curvature or the minimum radius just under the most critical conditions. It is, therefore, necessary to establish an appropriate relationship among the design speed, the horizontal curve radius, and the superelevation based on circular motion law of mechanics. The minimum radius or the maximum curvature has a limiting value for a given design speed as determined according to the maximum rate of superelevation (e max ) and the maximum side-friction coefficient (f Rmax ):
where:
R min minimum radius of horizontal curve (m) V d design speed (km/h) g·e max = a e superelevation acceleration g·f Rmax = a fr friction lateral acceleration a c = a e + a fr centrifugal acceleration 127 conversion factor, taking acceleration of gravity as g = 9.81 m/s 2 The use of a smaller radius (sharper curvature) than the minimum radius for the prevailing design speed might necessitate a non-practical superelevation or side-friction coefficient beyond the safety limits. Table 1 presents the minimum horizontal radii design values according to AASHTO [2] assuming a maximum superelevation of 8 %. This maximum superelevation is assumed for the analysis conducted in this study but can be different, based on the highway authority design policy.
2 Stopping sight distance (SSD) restriction along horizontal curves and vertical curves: literature review
The literature incorporates several research studies that discuss the provision of horizontal sight distance around safety barriers and other structures (e.g. retaining walls) either when it is possible to see over them or not (Fig. 1 ). Such studies (e.g. [3] [4] [5] [6] [7] ) discuss this sight distance issue along open roadways.
Arndt et al. [3] proposed the implementation of dry longitudinal friction coefficient of 0.61, utilizing high object height (e.g. 0.80 m), and reducing the design speed values based on speed prediction models, assuming that drives are prepared to slow prior to horizontal curves. They also proposed the perception reaction time value of 1.5 s of alert driving due to road environment and driving expectancy [8] . These less conservative criteria have been suggested to result in a lower but reasonable design value of stopping sight distance.
Still these criteria have been used in a case study of provision of sight distance around roadside safety barriers on freeways and interchanges by using a particular operating speed 80 km/h.
3D models combining horizontal and vertical alignments
Sarhan and Hassan [4] analyzed available stopping sight distance (SSD) on horizontal curves with roadside or median barriers in 3 Dimension (3D) combined alignments by using finite element technique software. Their analysis confirmed the dependency between the available SSD on horizontal curves (due to road barriers) and overlapping vertical alignment. They found that the available SSD increases as the overlapping crest vertical curve becomes flatter or as the overlapping sag vertical curve becomes sharper. The design aids presented in this research, which include available SSD, the horizontal sightline offset (HSO), and different alternatives of overlapping vertical curves, considered open roads SSD criteria where most range of horizontal sight line offset (HSO) is not practical for implementation in a bounded cross section or derives uneconomical wide shoulders which can mislead the drivers by using them as another travel lane or a parking lay-bay. Also, the design speed parameter was not included in these charts where the constraint of non-available horizontal sightline is not always accomplished.
Additional studies aimed to evaluate and optimize the actual sight distance in real driving conditions by 3D models. Nehate and Rys [9] examined the intersection of sightline with the elements representing the road surface by an algorithm which combines horizontal and vertical alignment and automatically calculate sight-distance profile along any given highway for which Global Positioning System's (GPS's) data are available. Results of actual data have shown the ability to identify sight-distance restrictions. Similarly, Kim and Lovell [10] used computational geometry and thin plate Spline interpolation to represent the road surface and eventually determine the maximum available sight distance.
Castro et al. [11] implemented a procedure supported by Geographic Information Systems (GIS) in order to determine highway distances visible to the driver in a two-lane highway section. The GIS advantage in highway sight distance analysis is using data sources that besides the terrain include obstacles like trees or buildings that could reduce the driver sight distance. This procedure can perform highway sight distance analysis of existing highways where highway design information (tangents, horizontal and vertical curves) is not available or is not the latest (e.g. in many already built highways). Castro et al. [11] showed that sight distances obtained by GIS approach and the classic highway design approach are statistically the same.
Jha et al. [12] proposed a 3-D design methodology which is capable of Befficiently measuring the sight distance for different superelevation, day and nighttime conditions, and obstructions^.
The methodology which utilizes triangulation techniques (Digital Terrain Model -DTM) consists of three stages: development of (a) the road surface, (b) virtual field-of-view surface, and (c) virtual line of sight-plane. Moreno et al. [6] maximized the available stopping sight distance (SSD) at crest vertical curves overlapped with horizontal curves in two lane highways. They used a finite element method algorithm to generate an SSD profile. The available SSD profile indicated the available SSD of each evaluated position of the driver. The resulted available SSD could finalize certain alignment zones where vertical and horizontal curve could be improved if the minimum available SSD was lower than required among these curves. This study concluded that the vertical curve curvature in meters (K v = L v /A = R v /100, i.e. the horizontal distance in meters needed to make a 1 % change in gradient, where: L is the horizontal length of vertical curve in meters, A is the algebraic difference of grade lines in percents, R v is the vertical curve radius in meters), and the available horizontal radius (R h ) affect the available SSD. The optimal proportion of K v /R h (K v and R h were previously defined) which maximizes the available SSD is generally ranged between 0.05 to 0.15. The study also revealed a negligible impact of the offset between horizontal and vertical curves on available SSD. Additionally, the layout visibility got restricted to the point where the superelevation changed its sign [6] . Mavomartis et al. [5, 13] proposed an Baccurate SSD control method^which relates the 3D alignment of the roadway (horizontal and vertical) to the dynamics of vehicle path along the roadway based on the difference between the available SSD and the Bdemanded^SSD. The method was applied to left turn horizontal curve divided highway. The SSD adequacy was evaluated by equalizing the available SSD and the demanded SSD and by identifying the zones where the sightline is obstructed by the median width. Their results have shown that by increasing the horizontal radius, inside the vertical curve transition area, the restricting area due to object height and blocked driver sightline (insufficient HSO) increases up to a certain point. As the horizontal radii increase more Bthe blocked sightlines decreases in advance of the object height amendment requirement^. This research finally suggested that by increasing the object height ( i.e. vehicle tail lights) to 1.08 m, the design consistency, and driver expectations can be satisfied by avoiding non-uniformed posted speed limits and uneconomical lateral road widening. Ismail and Sayed [14] presented a finite element approach of a 3D algorithm that calculates ASD for integrated vertical and horizontal alignments. This algorithm parameterizes horizontal elements such as pavement edge, median edge, and side slope relative to the centerline. Its final step similarly to other 3D methodologies is searching for the furthest object location that connects the driver location with an unobstructed sightline. The algorithm examined extreme cases of vertical and horizontal curvatures in order to validate them against available 2D models. The resulted 3D ASD was closed to the shortest of the 2D ASD sight distances (horizontal ASD, i.e. HASD and vertical ASD i.e. VASD). The 3D ASD resulted smaller than the critical 2D ASD if the 2D difference is positive (VASD > HASD). This case signified the necessity of 3D analysis.
Reliability analysis of sight distance in horizontal curves
Hussein and Sayed [7] applied reliability analysis (stochastic approach) to take into consideration uncertainty associated with geometric design parameters. They calibrated design charts for Horizontal Sightline Offset-HSO, or in other words: the middle ordinate -M, at different probabilities of non-compliance (Pnc) levels. The HSO which is presented in Fig. 1 is the distance between the edge of median barriers and the centerline of the left traffic lane.
In highway geometric design the use of Pnc characterizes the probability that the design does not meet the standard design requirement. Hussein and Sayed used a limit state function which is the difference between ASD (available stopping sight distance) and the demanded stopping sight distance (SSD). The Pnc was generated from this function. SSD is presented in Eq. 1. ASD is the accurate horizontal sight distance formula assuming SSD is shorter than the horizontal curve length (L). Its approximate form is documented in the next section which is the background for the major objective of the current study to conduct a sensitivity analysis of R and HSO for SSD < L and SSD > L.
The preferred target Pnc is the road designer's choice based on the design policy.
The calibration of horizontal radius and HSO for different Pnc's showed that the current design guides are conservative especially at sharp radii and high design speed [7] . It appears that these results are somehow subjective because increasing the risk (i.e. increasing the target Pnc) can be performed by deterministic modifications such as reducing the perception reaction time (PRT) or increasing the friction coefficient (Eq. 1) based on the prevailing traffic and pavement conditions and specific driving behavior characteristics.
The reliability analysis approach was also implemented in other studies such as Ismail and Sayed [15] and Ibrahim et al. [16] in order to select a suitable combination of cross section elements with restricted sight distance to result in reduced collisions and acceptable risk levels. Figure 2 presents a typical sketch of the horizontal sight distance (SD) calculation. It is assumed that the sight distance lies within the length of the horizontal curve (L) and SD approximates to a straight line.
Horizontal
Using the right angle rule for triangle A (Fig. 1 right) :
Similarly for triangle B (Fig. 2 right) we get:
Combining Eqs. 3 and 4 and isolating the joint side of triangles A and B result in Eq. 5:
After further arrangements, we get the approximate relationship between HSO, SSD, and the horizontal curve radius (R HSD ), as shown in Eq. 6. 
Horizontal sightline offset (HSO) for SSD > L, case 2
When the sight distance lies outside the length of the horizontal curve (L) the analysis is slightly different. In this case, assuming two symmetrical tangent edges outside the horizontal curve, we can obtain the relationship between HSO, SSD, the horizontal curve radius (R HSD ), and the length of the horizontal curve (L). Figure 3 presents a typical sketch of the horizontal sight distance (SD) which is larger than the horizontal curve length (SD > L).
By using the right angle rule for triangle ACK (Fig. 2) we get:
By using the right angle rule for triangle AKO (Fig. 3) we get:
By using the right angle rule for the symmetrical triangles ADO or EBO (Fig. 3) we get:
After further algebraic arrangements the resulted relationship between HSO, SSD, the horizontal curve radius (R HSD ), and the length of horizontal curve (L) is as follows:
Further detail regarding sight distance on horizontal curves including: exact calculations of horizontal sightline offset (HSO), comparison between exact formulas and approximate formulas of HSO, and variation of sight distance according to the location of observer (driver) and object height along the horizontal curve, can be found in Olson et al. [17] .
Sight distance restriction along the horizontal curve: insights
The sight along the inner side of the horizontal curve can be sometimes restricted by downhill excavations, retaining walls, structures, and other obstacles. On divided highways (multilane highways, freeways, etc) the driver sightline while driving along the left-hand side (LHS) horizontal curve is generally restricted by median safety barrier. The median safety barrier is usually closer to the left lane comparing to obstructions located beyond the right shoulder (typically safety barrier). The sightline problem is three dimensional and therefore, it is important to determine the height of its two edges (driver eye height and object height) by the type of sight distance considered. Additionally, the interaction between horizontal and vertical geometry parameters (especially vertical and horizontal curves, presented in section 2) are critical in addressing the available SSD.
The critical (maximum) value of lateral clearance (horizontal sightline offset, HSO) is typically determined in the middle of sightline (e.g. between points 6 and 6′ in Fig. 4) . Hence, this point fits the average height value of two sightline edges' heights. Typical average height values for several sight distance types are presented in Table 2 . These averages correspond to the maximum obstruction height to ensure sightline while driving along a horizontal curve. The decision SD and passing SD maximum obstruction height values were supplemented to Table 2 in order to cover the aspect of horizontal curve sightline of different SD types, even though this study focuses on horizontal Stopping Sight Distance sensitivity analysis.
Every point along the inner side of the horizontal curve (and beyond) along the sight envelope (Fig. 4) should not incorporate an obstacle which prohibits the line of sight. If such an obstacle exists (typically, a safety barrier), its height should not exceed the critical obstruction's height presented in Table 2 . When the vertical alignment includes a tangent gradient, a profile sketch might be useful.
If the horizontal curve radius does not conform sight distance requirement for a specific design speed due to a local or continuous obstruction (vegetation, downhill excavation, retaining wall, and safety barrier along the median or beyond the right shoulder) whose height exceed the critical obstruction height, the highway engineer might consider increasing the horizontal radius or widening the shoulder without decreasing the design speed.
Barriers along open highways and walls on tunnels may restrict the available sight distance in the design of horizontal curves. The minimum radius that is based on the equilibrium of the centrifugal force (Eq. 2), is too small for the requirements of stopping sight distance when there are obstructions along the road (especially the median barrier on open roadways) that intrude on the line of sight. The limitation of stopping sight distance, which is documented in other references (e.g. [3, 5, 8, 13] ) could arise as follows: The concept of calculating the HSO (including conventional shoulder width of 3.0 m or narrower and the distance between the lane centerline and its edge) is documented in AASHTO [2] and in Austroads [8] . A typical graphical presentation of HSO on horizontal curves with median safety barrier in multilane highways is presented in Fig. 1 .
The HSO could be even smaller (i.e. 3.0 m) if the median shoulder is reduced to 1.2 m (AASHTO [2] , sub-section 3.3.12 pp. 3-110).
The outside (median) barrier restriction on multilane divided highways is similar to two-lane highways (HSO = 4.8 m); however, since design speed is usually higher, the stopping sight distance is even more restricted. This insight is more obvious in road tunnels, where continuous walls run along the sides. Table 3 presents examples of SSD restrictions on a horizontal curve, based on AASHTO [2] when SSD < L (Eq. 6, Eq. 6a). Table 3 and Figs. 6, 7 emphasize the differences between the available horizontal SSD (for R = Rmin) vs. the design SSD values, and between Rmin (equilibrium concept) and the desirable horizontal radius (based on SSD design values). These differences increase as the design speed increases. 4.1 Sensitivity analysis for available horizontal sight distance and desirable radii (SSD > L), case 2
The gap between the available horizontal SSD (for R = Rmin) vs. the design SSD values and between Rmin (equilibrium concept) and the desirable radius (based on SSD design values) can be reduced when SSD > L (Eq. 10, 10a). Table 4 presents examples of SSD restrictions on a horizontal curve when SSD = 2·L. Table 4 notifies that if SSD = 2·L, the gap is reduced but is still maintained i.e.:
AB Available < SSD, and, R Desirable > R min .
By conducting sensitivity analysis for SSD > L we can obtain the ratio between SSD and L that will totally diminish this gap and reach an optimal or desirable situation when sight distance requirements are accomplished for horizontal curves design. Mathematically the criteria for resolving this gap for whole range of design speeds are: AB Available ≥ SSD; and; R Desirable ≤ R min :
Even if this gap is totally resolved the question is how practical is the ratio between SSD and L that is obtained for this optimal situation. Table 5 and Table 6 present the results of sensitivity analysis for AB Availabe when HSO = 4.8 m and HSO =3.0 m Clarifications:
SSD (m): demanded stopping sight distance based on Eq. 1. Its design values are adopted from AASHTO [2] .
Calculated radius-desirable (m): horizontal radius derived by horizontal sightline offset (HSO) and SSD according to Eq. 6.
Minimum radius (Rmin), (m): minimum horizontal radius derived from equilibrium concept (Eq. 2). Its design values are adopted from AASHTO [2] .
AB (m):
Available SSD derived by the minimum radius (Rmin) and HSO, according to Eq. 6a.
* Calculated radius for desirable SSD: R (desirable) = SSD 2 / (8·HSO), for SSD ≤ L, based on Eq. 6 **Calculated AB for Rmin: AB Available ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi HSO⋅8⋅R min p , for SSD ≤ L, based on Eq. 6a correspondingly. Table 7 and Table 8 This means that the highway engineer might consider increasing the horizontal curve radius as well as implementing limited dimensions of tangent edges (l). If the designed radius of the horizontal curve is larger than the minimum radius determined by Eq. 2, then the horizontal curve can be designed to a smaller superelevation rate than the maximum superelevation, e max , and maintain less constrained and more comfort driving in addition to the basic advantage of less limited horizontal sight distance discussed in this study. 
Summary and conclusion
Barriers along open highways and walls on tunnels may restrict the available sight distance in the design of horizontal curves. The minimum radius that is based on the equilibrium of the centrifugal force, is too small for the requirements of stopping sight distance when there are obstructions along the road (especially the median barrier on open roadways) that intrude on the line of sight. This study focuses on sight distance restrictions on horizontal curves.
The study examines these restrictions for the conventional case (case 1) when the stopping sight distance lies within the length of the horizontal curve (i.e. SSD ≤ L) and for the second scenario (case 2) when the sight distance lies outside the length of the horizontal curve (i.e. SSD > L). Clarifications:
See clarifications of Table 3 for SSD and Rmin.
Calculated radius-desirable (m): horizontal radius derived by horizontal sightline offset (HSO) and SSD according to Eq. 10.
AB (m):
Available SSD derived by the minimum radius (Rmin) and HSO, according to Eq. 10a.
*Calculated desirable radius for SSD:
, for SSD > L, based on Eq. 10 **Calculated AB for Rmin:
, for SSD > L, based on Eq. 10a The bold row signifies the critical ratio (S/L) where AB Available ≥ SSD for all design speeds The bold row signifies the critical ratio (S/L) where AB Available ≥ SSD for all design speeds HSO = 3.0 m). Practically, in most cases, such conditions are not feasible in horizontal curve design, especially for HSO = 3.0 m.
The study also discusses the maximum obstruction height to ensure sightline while driving along a horizontal curve, for three types of sight distance (stopping SD, decision SD, passing SD) when the horizontal sight distance requirements are not applicable. The maximum obstruction height is assumed to be the average between the driver eye height and the object height.
When the limitations of horizontal stopping sight distance are valid and the obstruction height is higher than its maximum value, the highway engineer might consider a tradeoff by increasing the horizontal curve radius as well as adjusting the design to SSD > L and implementing limited dimensions of tangent edges (l). Additional improvements assuming that safety barriers intrude the sight distance could be: (1) reducing the design speed along the horizontal curve by no more than 10 km/h (accompanied by appropriate traffic signs) in order to maintain design consistency, (2) widening the left shoulder or right shoulder along the horizontal curve in order to achieve wider HSO, (3) Using less conservative stopping sight distance criteria such as reducing the equivalent deceleration rate (d) if weather conditions are regularly dry or reducing the perception reaction time design value according to driving behavior characteristics [3, 19] .
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